ABSTRACT The ring-chain C H molecule, formed by substituting the carbon chain C H for one of the hydrogen atoms 9 2 6 of the carbene ring C H , one of the more abundant astronomical molecules, has been detected in the laboratory 3 2
by Fourier transform microwave spectroscopy. Fifteen a-type rotational transitions between 6 and 14 GHz were measured to 2 kHz or better, and precise values were determined for the rotational and centrifugal distortion constants. With these, the entire radio spectrum can be calculated to better than 1 km s in equivalent radial Ϫ1 velocity over the range of interest to radio astronomy. The strongest lines of C H , like those of the smaller ring 9 2 chain C H , were obtained with a diacetylene-neon discharge but were about 10 times weaker. Ab initio calculations 7 2 have not been done for C H , and isomeric energies are not known, but by analogy with the shorter members 9 2 of the sequence, the ring-chain carbene here is probably the most stable structure. Of the many possible isomers of C H , several may lie low enough in energy to be detectable in the laboratory and in space with present 9 2 techniques. Ions and radicals with ring-chain structures are also excellent candidates for laboratory and astronomical detection. Subject headings: ISM: molecules -line: identification -molecular data -molecular processesradio lines: ISM A novel series of carbon ring-chain molecules of astrophysical interest has recently been detected in this laboratory by the sensitive technique of Fourier transform microwave (FTM) spectroscopy (Balle & Flygare 1981) . Formed by replacing one of the hydrogen atoms of the highly polar ring C H with a linear carbon chain, these molecules are good 3 2 candidates for astronomical detection because C H is one of 3 2 the most abundant and widely distributed interstellar molecules (detected in over 50 sources; Madden et al. 1989) and carbon chains are the most common type of polyatomic molecule so far observed in molecular clouds and circumstellar shells. Our previously detected ring chains were C H tively; all four of these chains are well-known astronomical molecules. Here we describe the laboratory detection of C H , the largest ring chain found to date, where the attached 9 2
chain, as Figure 1 shows, is C H, not an abundant astronomical 6 molecule, but identified in at least two sources (Suzuki et al. 1986; Saito et al. 1987; Cernicharo et al. 1987) . Like the previous ring chains, C H is a prolate, nearly sym-9 2 metric top ( ) with a singlet electronic ground state k ϭ Ϫ0.999 and comparable components of the electric dipole moment along the least principal inertial axis, a, and the intermediate axis, b. As with C H , the a-axis lies almost exactly along the 7 2 attached chain (Fig. 1) , the angle between the two being less than 0Њ .2 if it is assumed that the chain is strictly linear and the molecule strictly planar. As shown in Figure 2 , 15 a-type transitions were measured between 6 and 14 GHz, nine in the rotational ladder and six in the ladders, which K ϭ 0 K ϭ ‫1ע‬ are higher in energy by only 1.6 K and therefore well populated in our supersonic molecular beam in spite of the low rotational temperature of only 1 K. The data are summarized in Table 1 . For three of the four previous ring chains, weaker cross-ladder b-type transitions were also measured, allowing precise determination of all three rotational constants, but we were unable to do that for C H because its lines are weaker and a large 9 2 frequency search is required owing to the uncertain value of the A rotational constant.
Because of the lack of cross-ladder transitions, the measured lines could be fitted satisfactorily with only four free parameters in the standard asymmetric-top Hamiltonian: the two rotational constants B and C and the leading centrifugal distortion constants and
as well, it is strongly correlated with (correlation coefficient D J of 0.96), and the rms of the fit improves only slightly. Therefore, A was treated in the analysis as a fixed parameter, its value calculated from the geometrical structures of the four previously analyzed ring chains on the assumption that C H is 9 2 planar-an assumption consistent with an inertial defect of 0.20. The best-fit constants are given in Table 2 .
Because the spectroscopic constants, particularly B and C, are close to those expected, and because the lines we identify as C H have about the expected intensity relative to those of 9 2 the previously detected C H and C H , there can be little doubt 5 2 7 2 that the identification of the lines we see is correct. Additional evidence for the identification includes the lack of any detectable Zeeman effect when a large permanent magnet is brought near the molecular beam (expected for a molecule in a diamagnetic singlet electronic state) and the absence of hyperfine structure (which might result if the molecule contained nitrogen, chlorine, etc.). The absence of lines at subharmonic frequencies rules out a larger molecule. As with previous ring chains, detection of the cross-ladder transitions or the deuterated isotopic species would provide conclusive confirmation of the identification. C H was first observed with a 1% mixture of diacetylene 9 2 in neon, under conditions identical to those that optimized the shorter ring chains C H and C H : a discharge in the throat of the supersonic nozzle of about Ϫ1100 V, a gas pulse 450 ms long, and a nozzle pressure of 2.5 atm. At the 6 Hz repetition rate of the pulsed nozzle, the gas flow was 8 cm minute Ϫ1 at 3 standard temperature and pressure. When a higher discharge voltage of Ϫ1400 V was used, the C H lines were stronger 9 2 by a factor of 2. Under those conditions, the lines were about 10 times weaker than the strongest lines of C H , which in turn The formation of C H and other ring-chain carbenes in our 9 2 discharges from linear organic precursors is poorly understood. They may be produced by dissociative recombination of an ionic precursor, by carbon insertion in an acetylenic chain, or by other processes, such as ion-molecule and neutral-neutral reactions, or even catalytic surface reactions. At the high density in the throat of the expansion, production via three-body collisions may be important. Experiments with diacetylene and C isotopically enriched carbon suboxide, a well-known source 13 of atomic carbon, may allow limits to be set on the importance of carbon atom insertion. Ring chains may exist in the interstellar and circumstellar gas at detectable levels for several reasons: (i) because they may be the most stable isomers of odd carbon clusters HC CH ) over a significant mass range; (ii) because the prototypical ringchain carbene C H is abundant there; and (iii) because some 3 2 of the possible laboratory reactions may also operate in space (e.g., ion-molecule reactions). Odd-numbered carbon chains are generally less abundant in space than even chains, but not greatly so: in IRC ϩ10216, C H is about 25 times less abundant 7 than C H and about 4 times less abundant than the longer C H 6 8 (Guélin et al. 1997; Cernicharo & Guélin 1996) . Transition frequencies for the and ‫1ע‬ ladders of K ϭ 0 C H -those most populated in a rotationally cold astronomical 9 2 source such as TMC-1 and IRC ϩ10216-can be calculated with the constants in Table 2 from the approximate expression
[ ] where d K,1 is the Kronecker delta and c is 32 for and K ϭ ‫1ע‬ 8 for . Although this expression contains only the leading K ϭ 0 terms in the power series expansion of Polo (1957) , it yields frequencies that agree with those calculated from the asymmetric-top Hamiltonian to within 1 km s in equivalent Ϫ1 radial velocity up to 50 GHz ( ); at that frequency, neglect J ϭ 55 of the higher order centrifugal distortion terms in the Hamiltonian introduces an uncertainty of ≤1 km s .
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With an increasing number of atoms, the number of lowlying isomers of a molecule tends to increase very rapidly. The C H ring chain has been calculated ab initio (Aoki & Ikuta 7 2 1994) to be the most stable isomer with that elemental formula, but five others have been calculated to lie within 1 eV, and there are still others that may be comparably stable or only slightly less so. To our knowledge, such calculations have not yet been done for C H , so the stability of its isomeric rear-9 2 rangements is not known. With nine carbon atoms, unusual isomers with monocyclic and even bicyclic rings may exist. It seems likely, however, that the present ring chain is again the most stable structure, and we can be fairly certain that it possesses significantly more low-lying isomers than C H which 7 2 might be detected. The dipole moment of C H , like that of 9 2 the other carbon chains we have studied recently, is probably quite large: by analogy with the other chains, at least 5 D (Aoki & Ikuta 1994) . It should be possible to calculate it ab initio to about 10%; measurement by means of the Stark effect of the rotational spectrum is possible but would be fairly difficult. To shed light on the question of the relative energies of isomers and to provide an estimate of the two components of the dipole moment, quantum ab initio calculations would be of great value.
Several general comments are worth making. The present finding evidently confirms and extends the idea that the c-C H 3 ring can be regarded as an important functional group, like the methyl group CH or the ethynyl group CCH, to which chains 3 can be attached to form interesting larger molecules with similar chemical and physical properties-molecules stable in space if not on Earth. From the standpoint of radio astronomy, the value of this functional group is that it endows hydrocarbon molecules with a remarkably high polarity, making them much easier to detect than other hydrocarbons at comparable abundances. One wonders if other cyclic groups can be found to serve the same purpose.
Ions and radicals with ring-chain structures may also be stable, and some may be good candidates for laboratory and astronomical detection. The protonated ring-chain cations C H , C H , and C H shown in Figure 3 are aromatic and ϩ ϩ ϩ 5 3 7 3 9 3 therefore particularly stable, and these may be the precursors of the ring-chain carbenes already found (including C H here) 9 2 if these are produced by dissociative recombination. Although the simplest member of the sequence C H is nonpolar by
symmetry, the larger ones should have easily recognizable rotational spectra because an attached chain breaks the threefold symmetry, and changes the oblate top spectrum to that of a nearly symmetric, prolate top with strong, nearly harmonically related a-type transitions. The ground state of C H , for ex-
ample, is predicted to have a ring-chain structure (Weiner et al. 1990 ) and a rotational spectrum fairly similar to that of C H . Microwave detection of these ring-chain cations may be possible because there exist more than 5 orders of magnitude between the line intensities of the strongest reactive molecules (e.g., HC N) we have so far observed and the detection limit 5 of our FTM spectrometer. Although the abundance of ions may be much lower than that of similar-sized stable molecules, laser ionization at the throat of the free expansion might increase the ion density considerably. The recent FTM detection of pro-Vol. 498 tonated carbon dioxide HOCO by Ohshima & Endo (1996) ϩ and in this laboratory suggests that ions might be generally accessible with present techniques.
Other radical ring chains where c-C serves as the functional 3 group are also plausible laboratory and astronomical molecules. The simplest radical, C H, obtained by removing a hydrogen 3 from c-C H has a nearly isoenergetic linear isomer (Ochsenfeld   3 2 et al. 1997), and both have been detected in the laboratory Yamamoto et al. 1987 ) and in space Mangum & Wootten 1990) . Although little is known about the isomers of the longer acetylenic chains, i.e., C H, C H, etc., recent theoretical calculations by Crawford, 5 7 Stanton, & Schaefer (1998) suggest that the C H ring-chain 5 isomer is only about 5 kcal higher in energy than the linear form. If longer ring-chain radicals are similarly stable, these may compete with linear chains for the ground state. The present ring chain may be the largest in its sequence that can be detected with the present 77 K FTM spectrometer, but the sensitivity of this instrument is far from the fundamental limits. Cooling of the optics and the first stage of receiver amplification to 4 K might improve the sensitivity by nearly an order of magnitude, and a further improvement by a factor of about 5 might be gained by lowering the frequency of operation to the low-gigahertz range (2-6 GHz) where molecules with 10 or more heavy atoms have their strongest lines at a rotational temperature of a few kelvins. Although technically challenging, both improvements are feasible. Another factor may favor the detection of large molecules: at least for the cyanopolyynes, the line intensity and abundance decrement with the present instrument are remarkably flat beyond about 13 carbon atoms; HC N (McCarthy et al. 1998) , for example, 17 turned out to be much easier to detect than was expected by extrapolation from the short members of the series. If a similar effect exists for the ring chains, and if liquid helium cooling can be exploited, much larger ring chains than that reported here may be within reach.
